For stations
on the coast directly facing the open sea, the predictions amount to about 95% of the astronomical tides.
In general this will be satisfactory but more exact predictions are needed for such coasts as that of Ariake Bay where the tide range is more than four meters.
Especially in Osaka
Bay and the Inland Sea, the accuracy of the predictions is less under the influence of tidal non-linear interactions, and the predictions could represent only abut 90% of the astronomical tides.
The nature of predictional error is clarified by means of the power spectrum of the residuals.
Introduction
To investigate the variations of sea level due to meteorological causes by means of tide gage records, accurate preictions of astronomical tides are needed.
Recently, many procedures of tidal analysis by use of the electronic computer have been proposed to make more exact tidal predictions.
Among them, the least square method and the response method are reported to be especially successful (ZETLER, 1967) . In Japan, MIYAZAKI (1967) developed a very skillful Fourier analysis method, which was later adopted by the Japan Meteorological Agency, but the tidal constants calculated by the T. I. method are still in common use. The tidal constants on the coast of Japan were collected by MIYAZAKI et al. (1967) .
As pointed out by MUNK and CART WRIGHT (1966) , in the harmonic analysis method, the tide is regarded as the superposition of a number of constituents each of which is characterized by the line spectrum.
But the actual tide contains not only the line spectra but also those components which arise by the effect of non-linear interaction between the astronomical line spectra and the underlying continuum (noise spectrum). Terefore, the accuracy of tide predictions by the harmonic anaylysis method must 402I.
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XIX No. 3 have some theoretical limits. Nevertheless, the method has been accepted for a long time as a very useful tool in tide predictions. The author examines the accuracy of the harmonic method and its variation for the coastal stations in Japan.
Generally, the predictions by means of 30 constituents represent about 95% of the astronomical tides. This is satisfactory for the coast where the astronomical tides are rather small, but more exact predictions are required for coasts with greater tide range such as that of Ariake Bay, where it is more than four meters.
Especially in Osaka Bay and the Inland Sea, the accuracy of pridections is less due to the effect of tidal non-linear interaction, and the predictions could represent only about 90% of the astronomical tides. The local characteristics of predictional error are seen in the power spectrum of the residuals.
Data processing
The data used are the hourly sea level readings taken for 53 tide gage stations on the coast of Japan most of them belong to the Japan Meteorological Agency, except those at Wajima, Kashiwazaki and Nezugaseki, which belong to the Goephysical Survey Institute and the one Izuhara which belongs to the Hydrographic Office. Most of the data are for the one year 1959, except for Izuhara, Aomori and Dainikaiho, the data for which were those of 1961, 1962 and 1966 respectively. In order to discuss the locality of the predictional accuracy, it is necessary to use the same method of tidal analysis, and we adopted a process based on the harmonic analysis.
First, using the hourly sea level readings for about one year, the sea levels at the component hours were calculated by means of Bessel's interpolation formula for each constituent.
Superposing the change of sea levels for successive component days, the annual mean sea levels at the component hours in a day were calculated, from which the tidal constants were obtained by the harmonic analysis.
To do this, we chose a suitable period of the data for each constituent to minimize the influence of the other constituents.
Only short period constituents were used in this analysis, the number of which were 10, 12, 3, 4 and 1 corresponding to one, two, three, four and six species respectively.
The results are shown in Table 3 .
Long period constituents (S, Ss a) are due to thermal variation rather than to astronomical attractions, and the reliable tidal constants can not be derived from the data of one year, because they are only quasistationary.
Using the data for many years, more reliable constants would be obtained but even in this case their yearly variations will still be large.
And in this work, monthly mean sea levels were used insted of the tidal constants of long period constituents.
As the next step, predictions of hourly sea level were made by means of the tidal constants of 30 short period constituents obtained above, and some values are added to them so as to make the monthly mean sea level coincident with the mean of observed levels. The hourly residuals were obtained by subtraction of the final predictions from the observations. Standard deviation of the residuals was calculated for each month and tabulated in Table 1 . The power spectrum of the residuals was estimated for every month by means of the method of BLACKMAN and TUKEY (1959) . The number of the data is about 720 in total, and inasmuch as the data are hourly the Nyquest frequency is 12 cycles per day. Using 50 lags in the autocorrelations, we get a zlf of 0. 24 cpd (cycle per day) which separates the species interval into about four parts. Using Hamming's coefficients for smoothing, the number of degrees of freedom is roughly 2.5 x M1h4---36 degree, where M is the number of data and h is the number of lags used in the autocorrelations.
Finally, the annual mean power spectrum of the residuals was obtained from the monthly spectra.
Standard deviation of the residuals
Standard deviations of the residuals for 53 stations are tabulated in Table 1 , and their annual mean is shown in Fig. 1 . The annual mean standard deviations of the residuals are about 6.4-6.8 cm on the Sanriku coast, the value of which is the smallest on the Japanese coasts it is about 7.0-8.0 cm on the Pacific coasts of Hokkaido and of the main land west of Kanto.
In bays they are large, being 9.1 cm in Tokyo Bay, 10.2 cm in Ise Bay, 10.0 cm in Osaka Bay and 9.5 cm at Misumi in Ariake Bay. On the coasts of Hokkaido facing the Japan Sea and the Okhotsk Sea they are about 8.1 cm. On the Japan Sea coast, especially on the coast of Hokuriku, they are relatively large and 9.0cm at Wajima and 9.4cm at Nezugaseki.
The increase of the standard deviation of residuals towards the heads of shallow bays may be explained by the meteorological and shallow water tides that prevail there, but it is difficult to understand why it becomes larger on the Hokuriku coast. Fig. 2 shows the annual variation of the mean standard deviation averaged for 50 stations (Aomori, Dainikaiho and Izuhara are excluded from the 53 stations).
As will be seen in this, two maxima of 10.8 cm and 9.2 cm appear respectively in April and September, with a minium of 5.7 cm in July. They correspond to the seasonal characteristics in 1959, that is, six well developed cyclones passed by the Japanese Islands in April, and the Typhoons Sarah and Vera struck Japan in September, the latter of which, especially, caused an abnormal storm surge over the head of Ise Bay. On the other hand, only three undeveloped cyclones progressed near the Japanese Islands in July. From these facts, the residuals may be for the most part due to the so-coiled " meteorological tides " which are caused by atmospheric disturbances.
Test of the method of tidal analysis
In Fig. 3 ,1the thin full line indicates the power spectrum of the residuals obtained by the procedures of Section 2 for the station at Kochi on the south coast of Shikoku. The ordinate is energy in logarithmic scale and the absissa is frequency expressed in cpd. Kochi is on the coast directly facing the open sea with a narrow long-shore shelf. Hence, the non-linear interaction terms of tide (ordinarily manifested as compound tides in a high frequency region) are small. In this spectrum the energy distribution curve has a remarkable peak at the lowest frequency band and then decreases suddenly toward high frequency except in the frequency band of 2 cpd where a secondary peak appears. The lowest frequency band in which the energy concentrates remarkably corresponds to the period of more than one day, and the energy in this band may represent the sea level variations caused by meteorological and oceanographical disturbances. The energy concentration in the frequency band of 2 cpd must be attributed to the remnant astronomical tides which have not been removed completely. The features of this spectrum are common for stations on the coast directly facing the open sea, and most part of the errors in astronomical tide prediction concentrate in frequency band of 2 cpd. The energy density in the frequency range from 1.8 cpd to 2.04 cpd (from 11.76 to 13.33 hours in period range) is 181 cm2/24 cpd. On the other hand, the thick full line in Fig. 3 is the tidal spectrum for Kochi, which has the energy density of 87267 cm2/24 cpd in the same frequency range.. The ratio of both energies is 0.00207. Therefore, the ratio of the residual to the tidal amplitude in the frequency band of 2 cpd is 4.6% because the tidal amplitude is. proportional to the square root of its energy. The energy concentration in the band. of the lowest frequency is about ten times as large as that of 2 cpd. Then the mean standard deviation of the residuals amounting to 7.5 cm for Kochi is not due to the imperfect prediction of astronomical tides.
In Fig. 3 , the thin broken line shows the power spectrum of the residuals calculated by means of 15 tidal constituents obtained by the T. I. method. This has ,energy peaks at the frequency of 1, 2, 3 and 4 cpd in addition to the largest peak at the Fig. 3 . Power spectra of tides and residuals for Kochi, thick full line is tidal spectrum, thin full line is residual spectrum in the present analysis and thin broken line is residual spectrum obtained by T. I. method.
lowest frequency, The energy density in the frequency band of 2 cpd is 348cm2/24 cpd which is about 1.9 times as large as that of the specrum mentioned above. We cannot make comparative evaluations of T. I. and the present methods in terms of the results. It is clear that the use of 30 constituents in the present analysis as compared with the use of 15 constituents in the T. I. method improves the predictions and thereby reduces the peak values of energy in the residual spectrum.
It seems obvious that if the same number of constituents were used in both procedures, the results would not differ significantly.
The locality of the predictional accuracy
As shown in the previous section, most of the errors in the prediction of astronomical tides are in the frequency bands around 2 cpd. Therefore the residual and tidal energy densities in the frequency band from 1.8 to 2.04 cpd (from 11.76 to 13.33 hours in period range) are calculated and tabulated in Table 2 . As the indices representing error in tidal prediction, the ratios of these two energy desities and of their square roots are also shown in this table. The latter ratio represents the ratio between the amplitudes of residuals and the tides in the frequency band, because tidal amplitude is proportional to the square root of tidal energy.
It is seen from Table 2 that the predictional errors are about 5% in amplitude at almost all coastal stations except those which are described below.
The errors are relatively large in Osaka Bay, especially on the coast of the bay mouth, amounting to 11.7% and 16.5% in amplitude for Shimozu and Wakayama respectively. This may be due to the complexity of tidal phenomena which is caused by the invasion of outer ocean tides through many channels.
But the tidal variations of sea level are not so large in the Japan Sea that the absolute peak energy in the .frequency band of 2 cpd is very small. For example it is 46 cm2/24 cpd for Wajima, which is about one order smaller than that of the Pacific coast. Accordingly the accuracy of prediction is satisfactory for practical use.
For Misumi on the coast of Ariake Bay, the predictional errors is 5.6% in terms of amplitude, but it is considerably large in absolute value because the tides in the bay are very high. Then more exact predictions are needed in bays of similar configurations for practical purposes.
The predictions for Aomori, Okada and Maisaka are also less accurate, with errors of 10.7%, 8.1% and 19.8% respectively.
But we cannot at present understand why this is so. As mentioned in Section 3, the stations which show large standard deviations of the residuals are distributed systematically.
In this section some of the nature of the residuals for the stations which have relatively large standard deviations of the residuals are explained by means of the power spectrum obtained by the procedures given in Section 2. For the stations on the coast directly facing the open sea, the power spectrum of the residuals resembles that of Kochi in Fig. 3 , that is, the predictional errors for astronomical tides concentrate mainly in the frequency hand of 2 cpd, and the errors due to the compound tides in a high frequency band are insignificant. Fig. 4 shows the spectra for Mera outside of Tokyo Bay, Dainikaiho, a small island at the bay mouth, and Tsukiji on the coast of the bay head. In these spectra the energy concentration in the lowest frequency band is the most remarkable. There is a secondary energy peak around 2 cpd, which becomes larger from the outside to the head of the bay and the energy in the frequency band from 1.8 to 2.04 cpd (from 11.76 to 13.33 hours in period range) is 106, 182 and 353 cm2/24 cpd for Mera, Dainikaiho and Tsukiji respectively.
1 Residual spectrum for the Bay of Tokyo
The difference between the spectra outside and inside the bay is remarkable especially in the frequency band from 3 cpd to 4 cpd, in which the energy level at the bay head is about one order larger than that of the outside. There is no predominant energy peak in high frequncy, but the noise level 410I.
XIX No. 3 becomes higther from the outiside to the bay head, owing to the irregular oscillations of the bay water.
6.2
Residual spectra for the Bay of Ise Fig. 5 shows the spectra for Owase on the coast outside Ise Bay, Toba on the coast of the bay mouth, and Nagoya at the bay head. These spectra resemble those of Tokyo bay. The energy concentration in the lowest frequency band is the most remakable.
The energy peak concentrated at the frequency of 2 cpd becomes larger from the outside to the head of the bay, the values of which are 175, 336 and 400 cm2/24 cpd for Owase, Toba and Nagoya respectively.
These are somewhat larger than for Tokyo Bay. The difference between the spectra for stations outside and inside of the bay is striking especially in the frequency band from 3 cpd to 4 cpd, in which the energy level is more than one order largar than outside of the bay.
The noise level in high frequency at the bay head is about 3 times as large as that outside the bay. The noise level in high frequency for Toba is nearly equal to that of Owase owing to the fact that the mouth of Ise Bay is very wide open to the Pacific Ocean.
6.3
Residual spectra for the Bay of Osaka Fig. 6a shows the spectra for Kushimoto located at the southern end of the Kii Peninsula, Wakayama and Komatsujima on the east and west coasts of the Kii Straits respectively, while Fig. 6 b shows the spectra for Sumoto, Kobe and Osaka on the coasts facting Osaka Bay. The spectrum for Kushimoto resembles that of Kochi in Fig. 3 .
In the spectra for the stations on the coasts of the Kii Straits and Osaka Bay there exist energy peaks in the frequency bands of 2, 5, 6, 9 and 10 cpd in addition to the energy concentration at the lowest frequency band.
Among them the energy peak in the lowest frequency is the most remarkable and followed by that of 2 cpd on the coast of the Kii Straits.
Especially for Wakayama the latter is nearly equal to the former.
The energy peak in the frequency band of 5 cpd may be due to the compound tides included in this band, none of which are used in the present analysis.
In general, we used to neglect the constituents of species 5 in tidal analysis, because they are usually very small both logically and actually.
But in Osaka Bay, the periods of these constituents are nearly equal to the period of proper oscillation of the bay including the Kii Straits which is about 300 min, and the constituents may be amplified by resonant oscillation. This is more predominant in the bay than in the straits, and the peak value of the energy exceeds that of 2 cpd on the coast of the bay head.
The energy concentration in the frequency band of 6 cpd is also remarkable, especially at the head. As the constituents in 6 cpd, we used M6 only. But actually, 2MS6 is nearly equal or somewhat larger than M6, and 2MK6 is about one-third of them for these coasts . Accordingly the energy peak in these spectra may be explained by the fact that the constituents of 2MS6 and 2MK6 remain in the residuals.
For Example, the residual energy in the frequency band of 6 cpd is about 50 cm2/24 cpd in the spectrum for Komatsujima.
On the other hand, the amplitudes of 2MS6 and 2MK6 are 0.98 and 0.39 cm respectively , from which the sum of their energies (enegy= 0.5H-2/4f) becomes 56 cm2/24 cpd, well coinciding to the residual energy.
For the case of Osaka, the residual energy is about 200 cm2/24 cpd in the spectrum.
And the amplitudes of 2MS6 and 2114K6 are 1.79 and 0.65 cm respectively , from which the sum of their energy becomes 181 cm2/24 cpd, well coinciding with the residual energy.
Small energy peaks are seen in the bands of 9 and 10 cpd. This may be due to the proper oscillation of the bay water in view of the fact that these peaks do not prevail on the coast of the Inland Sea. Small energy peaks are also seen in the frequency bands of 3 cpd and 4 cpd. The nmbers of constituents in these frequency bands used in the present analysis are only three and four respectively, which are insufficient for such coasts as those of Osaka Bay, where shallow water effects are predominant.
6.4
Residual spectra for the Inland Sea In the spectra for the coasts of the Inland Sea, there exist energy peaks at the frequency of 2, 5 and 6 cpd in addition to the energy concentration in the lowest frequency band.
Among them the lowest frequency peak is the most remakable and followed by another peak of 2 cpd.
The energy peak at 5 cpd may be due to the compound tides, which invade the Sea from Osaka Bay through the Akashi Straits, because this is more predominant at the coasts of the eastern part of the Sea than on the western part.
The energy concentration in the frequency band of 6 cpd can be explained quantitatively by the constituents of 2MS6 and 2/U./Cs remaining in the residuals as in the case of Osaka Bay. In the spectrum for Matsuyama the peak at 6 cpd is smaller than that for the other stations. This means that the amplitudes of 2MS6 and 2MK6 are small at Matsuyama as well as that of M6 seen in Table 3 . This will' be explained by assuming that a node of the sea water oscillation of the frequency of 6 cpd is located near Matsuyama.
Small energy peaks are seen at 3 cpd, 4 cpd and higher frequencies which corresppond to higher harmonic terms of tides, but these are insignificant assuming the 90% confidence limits of the spectrum.
The noise level in high fre-414I.
IsozakiVol. XIX No . 3 quency for the stations by this Sea is higher than that for those outside : the spectrum for Tosashimizu resembles that for Kochi shown in Fig. 3 , For the station at Shimonoseki, facing the Kammon Straits, the energy level is very high throughout all frequency ranges reflecting the complication of tides.
6.5
Residual spectra for the Bay of Kagoshima Fig. 8 shows the spectra for Kagoshima and Makurazaki, on the coasts inside and outside of Kagoshima Bay respectively.
In the spectrum for Kagoshima , there exist energy peaks at the frequency bands of 2 cpd and 6 cpd in addition to the energy concentration at the lowest frequency.
The energy concentration at the frequency of 6 cpd covers a broad frequency band including 5 cpd, and the peak spectral energy is about 260 cm2/24 cpd. On the other hand, the amplitudes of 2MS6 and 2MK6 contained in the residuals are 1.32 cm and 0.28 cm respectively (MIYAZAKI et ca., 1967) , from which the sum of the energies of these constituents becomes 91cm2/24 cpd. This can explain only about one-third of the spectral energy . The proper oscillation of the bay water has a period of about 107 minutes (NAKAN0 and UNOKI , 1962), and does not correspond to those of the frequency of 6 cpd. The question by what the high energy concentration at the frequency of 6 cpd is caused is reserved for future investigation.
6.6
Residual spectra for the Bay of Ariake Fig. 9 shows the spectra for Misumi on the coast inside Ariake Bay, and Fukabori and Megami outside of the Bay. In the spectrum for Misumi, the energy cocentration at the lowest frequency is the most remarkable, and there are secondary peaks at 2 cpd and the 6 cpd, the former of which, especially, has energy nearly equal to that at the lowest frequency. The relative error of tidal predictions for Misumi is not so significant as seen in Table 2 , nevertheless the peak energy at 2 cpd is very large in the residual spectrum because of the very large amount of tidal energy contained in this frequency band. The peak value of energy concentration in the band of 6 cpd, about 90 cm2/24 cpd, can be explained quantitatively by the constituents of 2MS6 and 2MK6 remaining in the residuals in the same way as in the case of Osaka Bay and the Inland Sea. The spectrum on the coast of the innermost part of the Bay, where the tide range is larger and non-linear interaction of tides are more effective, will be more complicated than that for Misumi located near the mouth of the Bay.
6.7
Residual spectra for the coast of the Japan Sea Fig. 10 shows the spectra for the stations at Wajima and Nezugaseki, as representative of the coast of the Japan Sea. As is mentioned in Sections 3 and 5, the standard deviation of the residuals is relatively large and the relative error in prediction is also large on the coast of the Japan Sea, especially on the Hokuriku coast. But the large standard deviation of the residuals is not due to the less accuracy of the astronomical tide predictions, because in the spectra shown in Fig. 10 the energy peaks due to the tidal constituents remaining in the residuals are seen only in the frequency band of 2 cpd and the energy concentration in this frequency is very small.
The energy concentration at the lowest frequency is very notable, amounting to about 4000 cm2/24 cpd in the frequency band from 0.12 to 0.36 cpd (2.8 to 8.3 days' period).
On the coast of the Pacific Ocean, on the other hand, it is about 2000cm2/24 cpd for the stations directly facing the open ocean and about 3000 cm2/ 24 cpd for the stations in the bay. This means that the sea level variations of several days' period which are caused mainly by meteorological and oceanographical disturbances are more predominant on the coast of the Japan Sea than on the Pacific coast. Possibly, the level of the Sea, which is semi-closed, may respond sensitively to external forces giving rise to large variance of sea level on the coast.
Conclusions
The author discussed the accuracy of tidal predictions made by the harmonic analysis method for 53 tide gage stations on the coast of the Japanese Islands.
The standard deviation of the residuals is generally large in the bay and on the coast of the Japan Sea.
As most of the predictional error is concentrated in the frequency band of 2 cpd in the power spectrum of the residuals, the ratio of residual energy to tidal energy in this frequency band will represent relative predictional error.
In the present analysis the error is about 5% in amplitude, and we should use further addi-tional constituents of 2 cpd to make more exact predictions. The stations with large predictional error are located on the coast of bays or the coast of the Japan Sea. In Tokyo Bay and Ise Bay the error is significant in the frequency bands of 3 cpd and 4 cpd in addition to 2 cpd. In Osaka Bay and the Inland Sea, it is significant in the frequency bands of 5 cpd and 6 cpd in addition to 2 cpd. For the stations at Kagoshima and Misumi, the energy peaks are seen at the frequency bands of 2 cpd and 6 cpd in the spectrum. The energy peak at the frequency of 6 cpd may be removed by considering 2MS6 and 2MK6 for all stations except for the station at Kagoshima. On the coast of the Japan Sea, the accuracy of tide predictions is less, but it is satisfactory for practical purposes because the tides are so small as compared with the long period sea level variations. This forms a striking contrast with the condition on the Pacific coast.
